INTRODUCTION
Rotaviruses, a genus within the reoviridae family (Matthews, 1979) , have recently been shown to be an important factor in the aetiology of neonatal enteritis in a number of animal species. They are found predominantly in mammals (Flewett & Woode, 1978; McNulty, 1978) , but have also been identified in cases of avian disease (McNulty et al., 1980) , and have a widespread distribution; viruses from different species exhibit a common morphology and show many antigenic similarities (Thouless et al., 1977) . A characteristic feature of the virion is the 'double-shell' and virus particles when examined by electron microscopy appear either 'complete', 70 to 75 nm in diameter, or somewhat smaller with the outer shell missing. The virus particle has icosahedral symmetry but according to the few reports on its structure there is little agreement on the number and arrangement of subunits in the capsid (Martin et al., 1975; Palmer et al., 1977; Stannard & Schoub, l 977; Esparza & Gil, 1978 ; Kogasaka et al., 1979; Roseto et al., 1979) .
The presence of rotavirus in infected animals is commonly determined by direct electron microscopy of negatively stained faecal preparations. Virus particles have a distinctive appearance and the method is relatively sensitive, quick and easy to perform. Many samples in which rotaviruses are found also contain tubular forms. These tubes, reported in material from human (Flewett et al., 1974; Holmes et al., 1975; Woode et al., 1976; Esparza et al., 1977; Kimura & Murakami, 1977) , bovine, equine and murine (Woode et al., 1976) sources, have diameters of about 75 nm to 80 nm which is comparable with that of the associated rotavirus particles, and are presumed to be aberrant assemblies of virus protein, similar in nature to, for example, papilloma virus tubes (Breedis et al., 1962) and the T4 bacteriophage 'polyheads' (Epstein et al., 1963) . In addition, agglutination in vitro of the tubes with rotavirus-specific antiserum has indicated that they are composed of proteins related to the virus particles (Flewett et al., 1974; Kimura & Murakami, 1977) .
During the course of routine diagnosis of rotavirus infection in cattle we have observed three types of associated tubular forms, only one of which has been previously reported. In order to identify a n y structural relationships b e t w e e n these a n d the r o t a v i r u s particles we h a v e e x a m i n e d their m o r p h o l o g y by electron m i c r o s c o p y a n d optical diffraction m e t h o d s .
METHODS
Bovine faeces from animals with clinical diarrhoea were negatively stained and examined by electron microscopy. Each sample was mixed with a small quantity of 0-1 M-sodium phosphate buffer, containing 0-01 bacitracin, and a drop of the suspension was applied to a carbon-stabilized Formvar-coated electron microscope grid. Grids were negatively stained by floating on a 2~ solution of potassium phosphotungstate, pH 6-6, and excess liquid was removed with filter paper. Preparations were examined and photographed in a Philips EM 300, with a 50 ktm objective aperture, operating at 80 kV. The microscope was calibrated using standard spacings from negatively stained catalase crystals, magnifications being accurate to within +_ 5%.
Selected images from the micrographs were examined in a modified Lipson optical diffractometer with a He/Ne laser source (O'Brien et al., 1971 ), using original negatives or positive copies, on film, as diffraction subjects. Optically filtered images were produced using punched masks made on a pantograph from enlarged copies of the diffraction patterns. The masks were placed in the plane of the diffraction patterns, and for 'one-sided' reconstructions the contribution of the zero order spot and central cross region of the patterns was limited to approximately 50~ of the original intensity by the use of fine wire gauze (Klug & De Rosier, 1966) . When, for particular patterns, the diffraction spots arising from one side of the image could not be physically separated from those arising from the other, 'two-sided' or noise-free filtered reconstructions were made. All detectable spots were allowed to contribute to the filtered image. Diffraction patterns and filtered reconstructions were recorded on llford Pan F film developed in Kodak D19 developer. Fig. 4 . Twenty-four major spots are present, representing both sides of the hexagonal surface lattice, and maxima corresponding to one side of the reciprocal lattice have been circled. Fig. 6 . Part of the filtered reconstruction of one side of the particle shown in Fig. 4 . The diffraction maxima circled in the pattern (Fig. 5) , and the central maximum, contribute to the filtered image, and the hexagonal arrangement of subunits in the surface lattice is clearly demonstrated. Fig. 7 . Diagram of the surface arrangement of subunits in rotatube l particles (subunits not to scale, and dimensions in nm).
Rotavirus tubular forms

RESULTS
Three distinctive types of regularly constructed protein assemblies were identified in a relatively small proportion of the faecal samples containing rotavirus particles. In such samples the virus particles were present in very large numbers and the additional assemblies were never seen in rotavirus-free material.
The commonest structure is clearly tubular in form, with each particle composed of a regular arrangement of subunits; each particle shows a consistent width along its length, other than differences due to flattening, and exhibits a build-up of negative stain along the well-defined edges. Tube lengths are variable, the maximum observed being approximately 800 nm, and measured diameters range from 70 nm for relatively undistorted particles to 92 nm for those considerably flattened (Fig. 1 ). This range of diameters is comparable with that of the 80 nm double-shelled rotavirus particles. The surface pattern of the tubes, where visible, appears hexagonal and well-defined 'rings' are a distinctive feature of the images (Fig. 4 ). This type of tube has been designated rotatube 1.
The second kind of structure also exhibits the characteristics of a tube, of variable length, but its diameter of approximately 36 nm is about half that of rotatube I (Fig. 2) . The narrow tube has been designated rotatube 2 and can be seen together with the wide rotatube 1 in the same faeces sample. An hexagonal surface pattern is not apparent in rotatube 2, the strongest features being instead inclined cross-striations making an angle of about 25 ° with the axis of the tube. Two such sets of cross-striations running in opposing senses across the particles form a characteristic diamond pattern. In some regions, the diamond pattern is less evident and near-horizontal striations with an axial periodicity of about 10 nm are clearly visible.
The third kind of protein assembly takes the form of large, apparently disorganized, sheets up to several hundred nanometres in extent (Fig. 3) . The sheets are composed of a regular lattice of subunits and in some areas where two or more sheets are seen lying randomly superposed the moir6 patterns resemble those seen in rotatube 1 (Fig. 3, arrows) . Characteristic features of this material are regions of superposed lattices exhibiting well-defined edges contrasted by a buildup of negative stain (Fig. 3, inset) . The regular 'width' of such regions indicates that here the sheets probably form one or more severely flattened concentric tubes, and a strong transverse banding, with an 'axial' repeat of approximately 9 nm, is often prominent. Although this is not an obvious tubular feature in an otherwise pleomorphic form the material has, for consistency, been designated rotatube 3.
Optical diffraction analysis of the three morphologically dissimilar structures indicates a close relationship between the wide rotatube 1, and the large sheet forms of rotatube 3, while the narrow rotatube 2 appears to be characteristically different. It is convenient to consider them in this order.
Diffraction patterns of rotatube 1 particles contain several discrete maxima lying on a system of 11 layer lines extending out to 5.2 nm. Intense spots form an inner ring and weaker spots lie at higher angles. The 24 identifiable diffraction maxima can be indexed to lie on two hexagonal lattices with an angular separation of 18 ° (Fig. 5) , and this indexing is consistent with the hexagonal patterns seen directly in the micrographs. The two reciprocal lattices, of equal sizes, correspond to the surface lattice on the near and far sides of the negatively stained particles, and indicate a basic helical net of points, each point separated from its neighbours by 10-2 nm, skewed by 9 ° with respect to the particle axis. The spots corresponding to one side of the original image (see Fig. 4 ) have been circled. An optical reconstruction of one side of the particle reveals details of the surface arrangement of subunits. The filtered image, part of which is shown at high magnification in Fig. 6 , shows the wall of the tube to be composed of hexagonal units each consisting of a ring of six subunits; the inter-ring spacing is 10.2 nm and basic dimensions of the pattern are shown diagrammatically in Fig. 7 . There are indications from the reconstructions that the subunits in each ring of six are alternately 'light' and 'dark', suggesting some dissimilarity in their shape or position.
A model (Fig. 8) for the surface of the tubular particle, consistent with measured diameters from the micrographs, and a subunit diameter of 4 to 5 nm, can be constructed from the basic lattice. The tube is composed of a 6-start genetic helix of lattice points, with a pitch angle with respect to the axis of 9 °, equivalent to approximately 23 subunits/turn. An alternative description is a 6-start helix of hexagons, making a pitch angle of 21 °, which is a more obvious feature of the structure. The model has a theoretical undistorted diameter of about 67 nm and a completely flattened 'diameter' of 98 nm, corresponding well with the measured range of 70 to 92 nm. Diagrams of one side of the tube lattice and the superposition image of both sides are shown in Fig. 9 (a) and (b) respectively. Strongly contrasted ring forms are seen in the moir+ pattern and these can be compared with the distinctive rings seen directly in the micrographs.
Diffraction patterns of rotatube 3 material show characteristically a set of six maxima arranged on an hexagonal reciprocal lattice of dimensions identical to that of rotatube 1. This indicates that the fundamental hexagonal lattice of the sheets of rotatube 3 is similar to the surface lattice of rotatube 1 ; the precise distribution of subunits around each lattice point is not determined but an arrangement identical to that of rotatube 1 is probable. Particularly intense diffraction spots appear in patterns obtained from tubular regions of rotatube 3 (Fig. 10) . The lattice is however rotated by 20 ° with respect to that of the wide tubes so that the severely flattened tubular region can be described as a zero-start helix, shown diagrammatically in Fig.  9 (c) . The superposition image of 'near' and 'far' lattices is illustrated in Fig. 9(d) . The most distinctive feature of this pattern is, in common with the micrographs (Fig. 3, inset) , the strong transverse banding, and the repeat spacing is, according to the lattice measurements, 8.8 nm (see Fig. 7 ).
Diffraction patterns of rotatube 2 particles do not show strict hexagonal symmetry and are not clearly related to those obtained from the other two structures. Diffraction spots can be indexed to lie on a diamond-or lozenge-shaped lattice and the reciprocal unit cell is indicated on a typical pattern shown in Fig. 11 (a) . The structural parameters of the tube are such that reciprocal lattice points corresponding to near and far sides of the particle are almost superposed and diffraction maxima arising from the two sides lie close together. In these circumstances, separation of near and far sides of the particle surface by optical filtering is not possible and the distribution of subunits around each lattice point can not be easily determined. A noise-free reconstruction of a group of three narrow tubes is shown in Fig. 11 (b) . Diffraction maxima originating from both sides of the particle contribute to the image and the characteristic diamond pattern is enhanced. The dimensions of the surface lattice can, however, be obtained directly from the diffraction patterns, and are shown in Fig. 11 (c) . The lattice vectors are 10.2 nm and 11.5 nm, subtending between them an acute angle of 50 ° , and each is inclined approximately 25 ° with respect to the tube axis; the angle is not exactly the same for both directions. Three families of helical lines defined by the lattice points and consistent with measured particle diameters are shown in the diagram. These are a short pitch l-start helix and diagonal families of 8-and 9-start helices which correspond with the major features seen in the micrographs.
DISCUSSION
The abnormal assembly of virus capsid protein is an established phenomenon and, as pointed out by Caspar & Klug (1962) , the most probable mistakes in the assembly of icosahedral virus particles lead to the formation of tubes. Although the tubes reported previously in negatively stained preparations of rotavirus have been interpreted as virus protein structures, primarily on the basis of similar surface features and their agglutination with rotavirus-specific antiserum (Kimura & Murakami, 1977) , there has been little morphological characterization. In the present study we have observed three distinctive types of tubular assembly in negatively stained preparations of bovine rotavirus and have been able, using diffraction analysis, to make some structural comparisons.
The wide tubes, rotatube 1, are comparable with those observed by others. They have a diameter essentially similar to that of the rotavirus particle, and exhibit an hexagonal surface lattice; hemispherical 'caps' resembling virus particles have been observed on the ends of tubes found in human rotavirus preparations (Kimura & Murakami, 1977) but were not seen in the present study. The hexagonal surface arrangement is similar in form and dimensions to that described by Esparza & Gil (1978) for flattened lattices of human rotavirus protein. Each hole in the hexagonal pattern is surrounded by a ring of six subunits and every hole shares two subunits with adjacent rings. This geometry is also consistent with the six-coordinated arrangement of capsomeres seen directly in negatively stained virus particles (Martin et al., 1975; Stannard & Schoub, 1977; Esparza & Gil, 1978) . Esparza & Gil (1978) used the negative staining-carbon film technique of Home & Pasquali-Ronchetti (1974) and were able to resolve each subunit in flattened lattices into trimers. Trimer units have also been observed in disrupted human rotavirus particles by Martin et al. (1975) . Although an equal resolution was not obtainable in our micrographs, if similar units exist in the bovine tubes this would offer an explanation for the apparent difference in orientation or position of alternate subunits in each hexagon (Fig. 6) ; if each identical trimer has three bond directions which link with equivalent bonds in adjacent units this can be accomplished simply by rotating alternate trivalent subunits in the lattice by 180 ° with respect to each other. The fundamental 10-2 nm lattice dimensions of rotatube 1 reflect the commonly reported inter-hole spacing of this order seen in the surface of rotavirus particles, and the distinctive ring forms characteristic of rotavirus images also appear in images of the tubes. It is clear, however, that the rings seen in the tubes arise from the superposition patterns of both sides of the surface lattice (Fig. 9 b) and the model supports the view of Stannard & Schoub (1977) that this feature is an imaging artefact. A recent study on the ultrastructure of human rotavirus by Palmer & Martin (1982) has shown that, on degradation, the capsid can break down into morphologically distinct ring forms, each composed of smaller wedge-shaped subunits. Although this has been interpreted as evidence for similar rings in the complete virus capsid it is not clear how the arrangement of protein seen in negatively stained preparations of disrupted capsids relates to the hexagonal subunit structure of intact rotatube 1 particles, and the available structural information on capsids and tubes is not necessarily contradictory.
Comparison of published micrographs of human rotavirus tubes with the model proposed here for the bovine structure suggests that although the surface arrangement of molecules is similar, the precise orientation of the lattice with respect to the particle axes is not. Longitudinal striations are evident in the human tubes (Esparza et al., 1977; Kimura & Murakami, 1977) but this lattice direction is not present in the bovine tubes. The apparent difference may, however, be simply a result of gross distortion of the flattened human particles, and more detailed investigation is indicated. Nevertheless, the ability of the fundamental hexagonal lattice to produce more than one tubular structure is demonstrated by the finding of the extensive multilayered sheet-like forms, designated rotatube 3. The structural similarity of this material to the wide tubes is clear from the diffraction patterns, and although the arrangement of subunits around each lattice point has not been directly demonstrated, this is probably identical to that found in the wall of rotatube 1 particles. A precise description of the generally pleomorphic rotatube 3 material cannot be made. The distinctive transverse striations seen in more ordered regions, however, are a result of a precise orientation of superposed lattices and suggest 'closed' surfaces such as flattened tubes; simply folded sheets could also account for the distinctive patterns in the micrographs if the superposed layers adopted a preferential orientation with respect to each other. The third type of particle (rotatube 2) found in our preparations, is less clearly related to rotavirus protein. It is a narrow tube, about half the diameter of the commoner rotatube 1, and a precise hexagonal surface packing is not apparent from the micrographs. This is confirmed by the diffraction patterns, which indicate a lozenge-shaped lattice. (If the wide and narrow tubes were composed of identical lattices there would nevertheless be differences between the diffraction patterns resulting from the different particle widths. The measured parameters, however, do suggest that the two lattices are dissimilar.) The distribution of molecules around each lattice point cannot be determined directly by optical filtering of micrograph images and cannot be compared with the wide tubes. The question arises as to whether the protein of the narrow tubes is identical to that of the wide ones, as might be indicated by the common lattice spacing of 10-2 nm. If this is so, it is necessary to postulate the capability of the subunits to form either one or other of two possible bonding arrangements to produce the two structurally different tubes. The molecules would also of necessity have different orientations in the two tubes and a precedent for this kind of behaviour by microtubule protein has been described by Jacobs et al. (1975) ; microtubule subunits usually exist in a 4 x 5 nm surface lattice but can be induced to change their relative orientation by 90 ° to form a 5 × 4 nm arrangement. An alternative explanation is to consider that the molecules of the wide and narrow tubes are dissimilar. It is known that the group-specific antigen lies in the inner capsid of the rotavirus particle and the type-specific antigen is associated with the outer layer, or shell, which is a distinct and separable part of the virion. In addition, studies on the polypeptide composition of virus capsid protein indicate probable differences between the inner and outer capsid layers, although the precise localization of different polypeptides is often unclear (Rodger et al., 1975 (Rodger et al., , 1977 McNulty, 1979; McCrae & Faulkner-Valle, 1981) . If the inner and outer capsid layers are each composed of a separate protein species then the different tubes observed in our preparations of bovine rotavirus may also be constructed from two different molecules.
The finding of tubular assemblies in heavily infected material implies that their formation is largely a result of the production of excess capsid protein. It is probable that the tubes are produced, with normal virus particles, within the epithelial cells of the small intestine. There is evidence for this from published studies on rotavirus morphogenesis. Tubular structures have been observed in thin sections of infected cells both in the cytoplasm and in the nuclei and they may be identical to those seen in negatively stained preparations (Banfield et al., 1968; Suzuki & Konno, 1975; Saifet al., 1978; Pearson & McNulty, 1979; Rodriguez-Toro, 1980; Suzuki et al., 1981) . It is clear, however, that the complexity of rotavirus morphogenesis (Chasey, 1977; Esparza et al., 1980; Petrie et al., 1981 ) is reflected also in the variety of related aberrant tubular structures, although the characterization of the protein components of rotatubes is a necessary prerequisite for their formal identification as specific components of the rotavirus capsid.
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